Caenorhabditis elegans is an androdioecious nematode with both hermaphrodites and males. Although males can potentially play an important role in avoiding inbreeding and facilitating adaptation, their existence is evolutionarily problematic because they do not directly generate offspring in the way that hermaphrodites do. This review explores how genetic, population genomic, and experimental evolution approaches are being used to address the role of males and outcrossing within C. elegans. Although theory suggests that inbreeding depression and male mating ability should be the primary determinants of male frequency, this has yet to be convincingly confirmed experimentally. Genomic analysis of natural populations finds that outcrossing occurs at low, but not negligible levels, and that observed patterns of linkage disequilibrium consistent with strong selfing may instead be generated by natural selection against outcrossed progeny. Recent experimental evolution studies suggest that males can be maintained at fairly high levels if populations are initiated with sufficient genetic variation and/or subjected to strong natural selection via a change in the environment. For example, as reported here, populations adapting to novel laboratory rearing and temperature regimes maintain males at frequencies from 5% to 40%. Laboratory and field results still await full reconciliation, which may be facilitated by identifying the loci underlying among-strain differences in mating system dynamics.
What role might males play in a population of hermaphrodites since the hermaphrodites are already capable of reproducing on their own? Males are ''costly'' because they require significant resources to be produced but do not directly produce offspring themselves (Maynard Smith 1971 Bell 1982; Uyenoyama 1984; Lively and Lloyd 1990) . All other things being equal, a population that has a mixture of hermaphrodites and males will have a lower growth rate than a population that is purely hermaphroditic. At an individual level, this means that a mutation that increases the frequency of males will be selected against unless males confer some other advantage that is linked to their mode of reproduction (Lively and Lloyd 1990; Barton 1995a; Otto and Barton 1997; Howard and Lively 1998) . Making matters worse, mating with males (or other hermaphrodites) can itself be deleterious because of direct physical damage, behavioral interference, physiological manipulation, and/or transmission of sexual parasites (Fowler and Partridge 1989; Clutton-Brock and Parker 1995; Gems and Riddle 1996) . Thus, unless males convey some substantial benefit-unless the offspring of matings that result from outcrossing with males have higher fitness than those resulting from selffertilization (selfing) by hermaphrodites-then we would expect males to be eliminated from these populations. This is the conundrum of androdioecy, the rare sexual mating system composed of males and hermaphrodites (Charlesworth B and Charlesworth D 1978; Charlesworth 1984; Otto et al. 1993; Pannell 1997 Pannell , 2002 Weeks et al. 2006) that is exhibited by the model nematode Caenorhabditis elegans (Brenner 1974; Stewart and Phillips 2002; Cutter and Payseur 2003) . In C. elegans, hermaphrodites cannot cross with other hermaphrodites, and so any outcrossing that does occur must do so via males. This mating system can have a profound effect on the evolutionary fate of new mutations, whether they are deleterious or advantageous. In the absence of males, any new deleterious mutations that arise within a selfing lineage have a good chance of becoming fixed because selfing promotes homozygosity (Figure 1 ). Continual accumulation and fixation of deleterious mutations should steadily erode fitness within a given lineage (Heller and Maynard Smith 1979; Lande and Schemske 1985; Charlesworth D and Charlesworth B 1987; Charlesworth et al. 1993; Schultz and Lynch 1997) . This force is counterbalanced by the fact that selfing increases the probability that recessive mutations will be exposed to natural selection and thereby become ''purged'' from the population (reviewed by Byers and Waller 1999; Crnokrak and Barrett 2002 ; also see Lande and Schemske 1985; Charlesworth D and Charlesworth B 1987; Charlesworth et al. 1993) . The presence of males slows the march toward homozygosity and can therefore mitigate the negative consequences of inbreeding depression, but by the same turn, males allow deleterious recessive mutations to continue to segregate within populations. The balance between fixation, loss, and segregation generated by the presence or absence of males helps to determine the level of potential inbreeding depression present within the population, whereas, at the same time, standing levels of inbreeding depression play a critical role in structuring the frequency of males that we expect to see in any given population (Hill and Robertson 1966; Heller and Maynard Smith 1979; Charlesworth 1984; Lande and Schemske 1985; Charlesworth D and Charlesworth B 1987; Charlesworth et al. 1990 Charlesworth et al. , 1993 Otto et al. 1993; Stewart and Phillips 2002; Cutter and Payseur 2003) .
Because selfing reduces the effectiveness of recombination, as evidenced by the long-term maintenance of linkage disequilibrium (Figure 1) , new adaptive mutations can effectively become trapped within selfing lineages, potentially impeding their capacity for adaptation (Hill and Robertson 1966; Felsenstein 1974; Barton 1995b) . Males allow genetic exchange and could therefore have an important role to play during a population's response to changing environments (Stebbins 1957; Maynard Smith 1978; Bell 1982; Crow 1992) . Overall, then, a number of critical evolutionary processes could be influenced by enhanced outcrossing and the presence of males. We would therefore predict that there should be circumstances in which males are able to overcome the cost of their own existence and be maintained within androdioecious populations, such as those seen in C. elegans (see also Otto et al. 1993; Weeks et al. 2000 Weeks et al. , 2002 
Making and Maintaining Males in C. elegans
Androdioecious populations are especially useful for examining questions regarding the evolution of breeding systems because they have the potential to span the range of possible matings from complete selfing to complete outcrossing. C elegans is particularly valuable in this respect for 2 reasons. First, because hermaphrodites cannot cross with one another, the questions of the evolution of outcrossing and the maintenance of males are inexorably tied to one another. Second, because C. elegans has been such a powerful genetic model system, we know a great deal about its sex determination, which in turn allows us to directly manipulate its mating system using well-defined mutants.
Hermaphrodites in C. elegans are protandrous, with their gonads first producing sperm, which are stored in their spermatheca and later used to self-fertilize eggs, before shifting to produce eggs themselves (L'Hernault 1997; Schedl 1997) . Recent work on the evolution of sex determination mechanisms within the genus Caenorhabditis has demonstrated that the transition from dioecy to androdioecy has occurred at least twice independently within this group (Kiontke et al. 2004; Haag and Doty 2005; Nayak et al. 2005) . Thus, C. elegans hermaphrodites can be viewed as being morphologically equivalent to females that produce their own sperm early during sexual maturity (Baldi et al. 2009 ). This helps to explain why hermaphrodites cannot cross with one another: they have no direct means of transferring sperm (in this case via the male tail). Hermaphrodites are XX, whereas males are XØ. Figure 1 . Some genetic consequences of outcrossing and selfing. Left: outcrossing maintains heterozygosity, whereas self-fertilization creates an excess of homozygotes. Right: outcrossing can break linkage between alleles at different loci, whereas self-fertilization maintains linkage disequilibria over time. These patterns are generated by the coancestry within and between loci generated by selfing (middle) and are manifest within populations by changing levels of heterozygosity and linkage disequilibrium (bottom). Here, heterozygosity is determined by H t 5H o ð1 À sÞ þ S 2 H tÀ1 , where s is the rate of self-fertilization and H 0 is the initial heterozygosity before selfing (scaled here to its maximum value of 0.5; Crow and Kimura 1970) . Linkage disequilibria at generation t are given by DðtÞ5ð1 À rÞ t D 0 , where D 0 is the amount of linkage disequilibrium at generation zero (scaled to 1.0 for convenience) and r is the effective amount of recombination scaled by the rate of selfing within the population: r 5r ½1ð1 À sÞ=2 À sÞ (Nordborg 1997; Barrière and Félix 2005) . The actual recombination rate, r, was set to 0.5 for this example.
Males can therefore be produced by 2 distinct processes. First, mating between a hermaphrodite and male results in normal segregation of the sex chromosomes, leading to 50% male and 50% hermaphroditic offspring (Figure 2) . Second, spontaneous nondisjunction of the X chromosome leads to an aneuploid sperm or egg that will, when fused with an X-bearing partner, result in an XØ male (Figure 2) .
The evolutionary history of this group of nematodes makes it an ideal system to study transitions between dioecy to androdioecy and outcrossing to selfing. The genetic tools that are available to manipulate sex determination, sex ratios, and mating system dynamics provide an opportunity to critically test evolutionary theories that are not available in any other system (Table 1) . For example, the fog-2 gene (Schedl and Kimble 1988) plays an important role in the transition between male and female function in the hermaphrodite gonad and appears to have uniquely arisen within C. elegans (Clifford et al. 2000; Nayak et al. 2005) . The FOG-2 protein binds RNA from the sex determination factor tra-2 during sexual maturation, shutting down the regular feminizing effects of tra-2 and thereby generating sperm-producing gonads (Clifford et al. 2000) . Thus, fog-2 mutant males produce sperm, whereas fog-2 mutant hermaphrodites do not, making fog-2 mutant hermaphrodites functionally equivalent to females and changing the mating system from androdioecious to dioecious (or gonochoristic). Similar mutations generate X-specific nondisjunction, disrupt XØ dosage compensation, and alter the timing of the shift between sperm and egg production in hermaphrodites ( Table 1) . Each of these mutations allows different aspects of the mating system to be probed in a systematic way. Easy laboratory maintenance and short (3-4 days at 20°C) generation times further allow these genetic tools to be exploited using approaches from experimental evolution. The combination of all these factors generates a powerful system in which both the specific biology of C. elegans and more general questions regarding the evolution of mating systems and the role of males can be explored.
In this review, we first examine models that articulate the evolutionary forces that should be controlling the maintenance of males within C. elegans populations and highlight some of the laboratory experiments that have tested these models. We then review evidence for the prevalence of males and outcrossing within natural populations of C. elegans, noting that although males appear to be quite rare, there is still a strong genetic signal of their influence. This observation is in stark contrast with more recent results that show males have the potential to be maintained at surprisingly high levels in the laboratory. We conclude with a discussion of the information needed to resolve these discrepancies and possible directions this research may take in the future.
Males-In Theory (and Experimental Tests)
In the most common laboratory strain of C. elegans, N2 Bristol, males are found at a frequency that is essentially indistinguishable from the rate at which they are produced by nondisjunction (male frequency 0.002; Hodgkin 1983; Chasnov and Chow 2002; Teotónio et al. 2006 ; nondisjunction 0.001-0.004; Hodgkin et al. 1979; Rose and Baillie 1979; Cutter and Payseur 2003; Teotónio et al. 2006) . The similarity between these frequencies may suggest that males are not generally the product of successful outcrossing between males and hermaphrodites but are instead primarily produced by nondisjunction events. This observation calls into question the role of males and, because males facilitate outcrossing, the value of outcrossing in populations of C. elegans. Thus, to understand the role of males in C. elegans, we must first consider whether males are maintained only because they can be produced by nondisjunction and are therefore maintained at a kind of mutation-selection balance or whether males are playing a more active role in this species and are therefore maintained by natural selection.
Are males more than meiotic mistakes? Although the presence or absence of a sex chromosome required to drive male development in C. elegans can result from nondisjunction, sex chromosome number is merely a signal that leads to a wide suite of sex-specific developmental and neurological responses (reviewed by Wolff and Zarkower 2008) . If outcrossing is rare in C. elegans, then the genes underlying male development, morphology, and behavior, which make up a large fraction of the C. elegans genome Figure 2 . Sex ratios resulting from self-fertilization and outcrossing in Caenorhabditis elegans. Hermaphrodite eggs (X) can be fertilized by self (X) or male (X or Ø) sperm. Offspring resulting from self-fertilization are nearly all hermaphrodites, with a small fraction of males produced by nondisjunction of the X chromosome (l). Outcrossed progeny are approximately 50% male and 50% hermaphrodite with a correction for the nondisjunction rate. Individual hermaphrodites can produce both self and male-sired offspring; thus, sex ratio in the progeny depends on how many embryos were sired by each parent. *, Approximate ratios based on N2. (Jiang et al. 2001) , should be subject to relaxed selection. Given sufficient time under relaxed selection, mutation accumulation in male-specific genes should result in the erosion of male function (Chasnov and Chow 2002; Cutter and Ward 2005) . However, Cutter and Ward (2005) found that genes expressed exclusively in males, not associated with sperm, are among the most conserved in the C. elegans genome. Thus, male-specific genes appear either to be maintained by selection or relaxed selection has not occurred for a sufficient amount of time for the resultant mutation accumulation to be detectable (Loewe and Cutter 2008) .
Although it seems obvious that male-specific genes would degrade in the absence of males, in fact the entire genome would be at risk of accumulating deleterious mutations within obligately selfing lineages. The genomewide accumulation of slightly deleterious mutations, known as Muller's Ratchet, is predicted to lead to extinction in either asexual (Muller 1964) or strictly selfing (Heller and Maynard Smith 1979) lineages. By calculating the expected time to extinction of C. elegans under strict selfing, Loewe and Cutter (2008) demonstrated that C. elegans either only recently became predominantly selfing (see also Cutter et al. 2008) or that outcrossing occurs with sufficient frequency to allow the species to persist. Because outcrossing, which is only achieved by successful mating between males and hermaphrodites, occurs in nature at low but detectable levels (see below; Félix 2005, 2007; Haber et al. 2005; Sivasundar and Hey 2005; Cutter 2006 ), the latter explanation for the persistence of the species is at least plausible. Although it is clear that male function is maintained in C. elegans, it remains to be conclusively determined whether this is because selfing is of such recent origin that male function has not had time to decay or because males and male function are under direct selection.
Presuming that C. elegans males are maintained by selection, the low frequency of males in C. elegans populations seems somewhat surprising. If males have an important role, why are they so rare? According to the model of Stewart and Phillips (2002) , given the 2-fold cost of sex and negligible rates of spontaneous male production (see above), the following must be true for males to be maintained at stable frequencies higher than their rate of spontaneous production: (2002) LaMunyon and Ward (2002); LaMunyon et al. (2007) spe-26 Actin-binding protein needed for normal spermatogenesis.
Effects as in spe-8. Varkey et al. (1995) ; Minniti et al. (1996) Cutter (2005) tra-2 Membrane-bound protein that controls trafficking of the sex determination signaling pathway.
Mutants transform hermaphrodites into males.
A temperature-sensitive version can be used to mimic temperature-dependent sex determination, such as that found in turtles. Hodgkin and Brenner (1977) ; Kuwabara et al. (1992) ; Kuwabara and Kimble (1995) ; Hodgkin (2002) Janzen and Phillips (2006); Chandler et al. (2009) tra-3 Regulatory protease that cleaves tra-2.
Can delay the transition between sperm and egg production in hermaphrodites, thereby shifting the pattern of sex allocation. Hodgkin and Brenner (1977) ; Sokol and Kuwabara (2000) Hodgkin and Barnes (1991) xol-1 Metabolic kinase that helps assess the X/autosome ratio and regulates X chromosome dosage compensation.
Mutants disrupt dosage compensation, which leads to male (XØ) lethality and results in obligate selfing. Miller et al. (1988) ; Rhind et al. (1995) where a is the fertilization success of males, r is a measure of sex-biased viability, b is the portion of eggs fertilized by hermaphrodites, and d is inbreeding depression (the relative reduction in the fitness of self-fertilized vs. outcrossed progeny) (Stewart and Phillips 2002, cf. Eq. 2; see also Otto et al. 1993 ). Chasnov and Chow (2002) and Cutter and Payseur (2003) have constructed similar models that highlight essentially the same factors as being central for the determination of male frequency. Because sexspecific differences in egg to adult viability have not been observed under standard laboratory conditions (Hodgkin 1987) and survivorship from the final larval stage through the first 5 days of adulthood appears to be sex neutral Riddle 1996, 2000) , r is assumed to be very small. Although we might expect deleterious recessive mutations to affect males more than hermaphrodites because of their hemizygous X, if selfing is very prevalent, then the X will frequently be homozygous in hermaphrodites thus mitigating the effects of zygosity on sex-specific fitness It is possible that the importance of r may be environment specific and more prevalent in natural populations. For instance, males survive dauer (the resting stage induced by starvation and/or stress) better than hermaphrodites (Morran, Cappy, et al. 2009 ), but even in this case, the difference is relatively small.
Thus, if sex-specific viability differences are small, then for male frequencies to exceed the nondisjunction rate, 1) males must successfully sire 2 times more offspring than hermaphrodites and/or 2) male-sired (noninbred) progeny must have a fitness advantage over selfed progeny (Stewart and Phillips 2002 ; see also Chasnov and Chow 2002; Cutter and Payseur 2003) . However, inbreeding depression has not been observed in this species (Johnson and Wood 1982; Johnson and Hutchinson 1993; Chasnov and Chow 2002; Dolgin et al. 2007) . Repeated generations of self-fertilization appear to have purged deleterious mutations (Ohta and Cockerham 1974; Lande and Schemske 1985; Husband and Schemske 1996; Charlesworth B and Charlesworth D 1998) from C. elegans lineages, possibly rendering outcrossing, and thus males, obsolete (Chasnov and Chow 2002; Weeks et al. 2006) . Indeed, loss of males from male-enriched inbred populations is well documented (Chasnov and Chow 2002; Stewart and Phillips 2002; Teotónio et al. 2006; Manoel et al. 2007; Wegewitz et al. 2008) , indicating that outcrossing is detrimental to hermaphrodite fitness and thus strongly selected against in those populations.
Attempts to experimentally induce inbreeding depression by increasing the input of deleterious mutations beyond the abilities of C. elegans to purge them have met with some success. When mutant alleles that interfere with mismatch repair mechanisms (Cutter 2005) or extrinsic mutagens such as UV radiation and ethyl methanesulfonate (Manoel et al. 2007 ) are used as sources of mutation, males can achieve frequencies higher than their nonmutated controls. Thus, we see that inbreeding depression/mutation-based factors can influence male frequency in C. elegans (Cutter 2005; Manoel et al. 2007) . It is questionable, however, whether persistent mutation pressure actually generates significant inbreeding depression. Because the mutations are generated at the same time that males are being driven from the population, most of the mutations may be being purged from the populations via residual selfing. It is known that even fairly small selfing populations of C. elegans can purge mutations in the short term (Estes et al. 2004 ; but see Morran, Parmenter, et al. 2009 ). Additionally, the gains in male frequency observed under these conditions are modest-males are still driven out of populations over time (Cutter 2005; Manoel et al. 2007 )-and the increases in male frequency due to mutational input are strain specific (Manoel et al. 2007 ). Thus, to date, inbreeding depression avoidance and mutation-based models alone fail to satisfactorily explain why males would be maintained by selection in this species.
In general, then, males must sire at least 2 times more offspring than hermaphrodites produce by self-fertilization to overcome the cost of males and be maintained in a population. In C. elegans, male siring success must exceed this standard because hermaphrodites can produce selffertilized offspring both before and after mating (Figure 2 ), biasing total reproductive output toward hermaphrodites (Otto et al. 1993) . Although C. elegans males are thought to have poor reproductive success, direct estimates of male mating ability suggest that males in the N2 laboratory strain can be responsible for 50-90% of the offspring produced in mixed populations (Stewart and Phillips 2002; Cutter and Payseur 2003) . Even at these rates, however, males are predicted to be lost from these populations relatively quickly (Cutter and Payseur 2003) , as is the observed outcome (Stewart and Phillips 2002; Cutter 2005) . Relative to males in their dioecious sister species C. remanei, C. elegans males appear ill equipped to outcross at higher frequencies. In C. remanei, males induce a paralytic response in their mating partner that is coupled with a widening of the vulval slit (Garcia et al. 2007 ). In contrast, C. elegans males must mate mobile hermaphrodites, unassisted by a factor that would facilitate spicule insertion, the most tenuous aspect of mating (Liu and Sternberg 1995) . Additionally, it appears that C. elegans hermaphrodites are less attractive to potential mates than are C. remanei females, possibly due to differences in mating pheromone production (Chasnov and Chow 2002; Chasnov et al. 2007 ; but see White et al. 2007; Srinivasan et al. 2008) . These challenges, coupled with the propensity for C. elegans hermaphrodites to eject male ejaculate (Barker 1994; Kleemann and Basolo 2007) and sprint away from males until after their self-sperm is depleted (Kleemann and Basolo 2007) , may in part account for the inability of C. elegans males to mate effectively enough to maintain themselves at higher frequencies.
Overall, then, theory predicts that the maintenance of males in C. elegans is favored when either inbreeding depression is high or males can mate effectively enough to overcome the cost of males. However, C. elegans neither exhibits inbreeding depression nor do C. elegans males appear to mate particularly effectively. Males are maintained in some strains, and yet, nondisjunction alone is insufficient to explain this fact. The theory is therefore incompatible with the data, which suggests that some other factor must be missing from these equilibrium models.
Males-In Nature
It is no secret that the conditions generally experienced by C. elegans in the laboratory are nothing like the conditions encountered by populations in nature (Fitch 2005; Barrière and Félix 2007) . The laboratory environment provides worms with an abundant nonpathogenic bacterial food source, consistent and moderate temperatures, and, assuming diligence on the part of researchers, no threat of desiccation. This is in stark contrast to the limited, spatially and temporally patchy, and potentially pathogenic food sources encountered by natural populations (Kurz and Ewbank 2000; Sifri et al. 2005 ) that must also contend with fluctuating temperatures (Anderson and Coleman 1982; Feder 1997 ) and the constant threat of desiccation. If, as theory predicts, males are important for preventing inbreeding depression or increasing rates of adaptation, they may be obsolete under the relaxed selection encountered in laboratory conditions but still be quite valuable under natural conditions.
Are males and outcrossing essential for natural populations? Perhaps, the most direct approach to answering this question is to measure male frequency in worms collected in the field (Table 2) . Although this type of sampling is rare, collections by Félix (2005, 2007) have yielded only 4 males after the isolation of thousands of individuals from 10 different locales throughout France sampled multiple times. Thus, current male frequency data from natural populations support the laboratory observation that males are rare.
Direct measures of male frequency from natural collections are limited in that they only reflect outcrossing or nondisjunction events that occurred in the preceding generation (Table 2 ). With such a limited temporal range, male frequency may by itself be a poor estimator of outcrossing rates in natural populations. However, the contrasting genetic consequences of outcrossing and selfing (Figure 1 ) enable the detection of outcrossing events in the genomes of individuals from predominantly selfing populations. This allows outcrossing rates to be estimated from field collections of hermaphrodites through the presence of heterozygous loci or the absence of linkage disequilibrium in a population (Table 2 ). These genomic approaches have the advantage of detecting past outcrossing events at different temporal scales.
Despite sampling populations from different geographic regions and utilizing different methods for estimating outcrossing rates ( Outcrossing 5 2 Â male frequency À l, where l is the rate of X chromosome nondisjunction (Stewart and Phillips 2002) Males are the product of outcrossing events (Figure 2 ). Male frequency can be used to infer outcrossing rates because outcrossing rates dictate male frequency.
Males are directly observed. As long as they are not the product of nondisjunction, this is a direct measure of outcrossing.
Heterozygote frequency Several generations, signal diminishes over time with subsequent selfing that this may be an artifact of collection procedures. However, they did not detect significant levels of linkage disequilibrium between 2 pairs of microsatellite loci within the German populations, indicating that rare outcrossing had generated genomic mixing between lineages. Similarly, Félix (2005, 2007) periodically sampled a set of populations from France and estimated mean outcrossing rates of 1.3-1.7% based on heterozygosity data. However, estimates based on linkage disequilibrium are approximately 100-fold lower in these populations. Cutter (2006) and Rockman and Kruglyak (2009) also find pervasive linkage disequilibrium in the worldwide collection of natural isolates. Taken together, these studies suggest that outcrossing occurs rarely in European populations but at frequencies that are still higher than those observed in the standard laboratory strain. In contrast, samples from several populations in California (Sivasundar and Hey 2005) suggest that natural outcrossing rates can be much higher than those estimated in Europe. Using heterozygote frequencies, Sivasundar and Hey (2005) estimated an average outcrossing rate of 22%, with some populations containing substantial numbers of heterozygotes, whereas others were completely homozygous. However, much like the French populations, measurements of linkage disequilibrium in the Californian populations yielded significantly lower outcrossing rate estimates than those obtained with heterozygosity data (Sivasundar 2005) . Therefore, in general, outcrossing rates seem to vary widely across populations, but the overall genomic impact of outcrossing appears to be minimal at large timescales.
What might be the source of the large difference in estimates based on heterozygosity and linkage disequilibrium in natural populations? Barrière and Félix (2007) suggest that this result is consistent with a pattern of strong selection against recombinant offspring. Under this hypothesis, outcrossing is regularly occurring, but recombinant offspring are selected out of the population and therefore fail to make the lasting genetic contribution expected to be revealed in the breakdown of linkage disequilibrium (Barrière and Félix 2007) . This interpretation is supported by the observation that outbreeding depression, the fitness of outcrossed offspring being lower than that of inbred progeny, is widespread among natural isolates. Dolgin et al. (2007) found that outcrossing between 5 different mating pairs of unrelated C. elegans strains altered several life-history traits, effectively reducing the fitness of outcrossed offspring relative to selfed offspring. Similarly, Seidel et al. (2008) identified a widely distributed 2-locus gene interaction system that is lethal to offspring generated by a cross between incompatible strains.
These results suggest that outcrossing may actually be selected against within inbred populations, which in turn lead us to expect that males would be consistently driven out of natural populations. However, these observations seem at odds with the outcrossing rate estimates from natural populations Félix 2005, 2007; Haber et al. 2005) , particularly the Californian populations (Sivasundar and Hey 2005) , and with the evidence suggesting that males are maintained in C. elegans populations by selection. Rather, the outcrossing rate estimates obtained from both the French Félix 2005, 2007) and Californian (Sivasundar and Hey 2005) populations indicate that outcrossing occurs more often than what would be expected if males were only maintained at X chromosome nondisjunction frequencies. Thus, outcrossing is occurring in nature, but its evolutionary role is unclear.
Males-In the Laboratory
The lens through which C. elegans is generally viewed is strongly shaped by observations and experiments in the canonical laboratory strain N2. However, it is no longer clear that extrapolation from N2 to C. elegans as a species is universally appropriate because N2 appears to have undergone laboratory adaptation leading to genetic and behavioral changes (e.g., Anderson et al. 2007; McGrath et al. 2009 ). In terms of outcrossing rates and male frequency, this N2 bias has led to the broad acceptance of male frequency in C. elegans laboratory populations as ;0.1% and the idea that C. elegans males are ineffective at outcrossing (Chasnov and Chow 2002) . However, male maintenance and male mating ability in N2 are not representative of C. elegans as a whole. In fact, it has been known for more than a decade that N2 males do not mate as effectively as males of other strains (Hodgkin and Doniach 1997; Wegewitz et al. 2008) . Furthermore, there is substantial variation among natural isolates for outcrossing and male mating-related phenotypes including male sperm size (LaMunyon and Ward 2002), the rate of male loss from enriched populations, male frequency, mating ability (Teotónio et al. 2006; Wegewitz et al. 2008) , rates of male production by nondisjunction (Teotónio et al. 2006) , and copulatory plug formation (Hodgkin and Doniach 1997; Palopoli et al. 2008) .
In our own survey of 10 natural isolates from France, United Kingdom, Australia, and the United States (reported for the first time here), we find that populations initiated by single, unmated hermaphrodites can achieve male frequencies as high as 35% after only 10 generations (Figure 3) . Importantly, these differences in male frequency are both heritable and substantial, spanning approximately 2 orders of magnitude. Whereas some strains maintain males at frequencies similar to N2 (Figure 3) , others show surprisingly high male frequencies and even exceed levels predicted by theory for male maintenance in this species (Stewart and Phillips 2002) . These data probably reveal only a fraction of the variation that exists in nature. Therefore, the genetic context under which we evaluate the role of males may greatly influence our results. For instance, such variation in male maintenance may explain the disparity in outcrossing rate estimates between the Californian and European populations. Clearly, the role of males in C. elegans must be evaluated in the context of a broader sample of natural isolates.
Regardless of the factors that dictate male frequency, if selection maintains males, then outcrossing must be at least conditionally favored over selfing. Outcrossing is thought to both reduce the risk of fixing deleterious mutations (Heller and Maynard Smith 1979; Lande and Schemske 1985; Charlesworth et al. 1993; Lynch et al. 1995; Schultz and Lynch 1997) and facilitate more rapid adaptation to novel environmental conditions (Stebbins 1957; Maynard Smith 1978; Crow 1992 ) compared with selfing. Using experimental evolution, Morran, Parmenter, et al. (2009) directly tested the fitness effects of these selective pressures on outcrossing and selfing populations of C. elegans. They utilized the genetic tools of the C. elegans system to alter the mating system of populations (Table 1) , incorporating the xol-1 mutation to generate obligate selfing populations and the fog-2 mutation to generate obligate outcrossing populations while also using wild-type mating populations capable of both outcrossing and selfing. Obligate outcrossing populations maintained fitness despite exposure to elevated mutation rates in a selective environment, whereas obligate selfing populations were unable to purge their mutation load and suffered significant fitness loss over time. Additionally, obligate outcrossing populations rapidly adapted to a virulent pathogen, but obligate selfing populations failed to exhibit an adaptive response. Though less fit than the obligate outcrossing populations, wild-type mating populations generally exhibited greater fitness than the obligate selfing populations. Moreover, exposure to these conditions led to the evolution of greater outcrossing rates in the wild-type mating populations, which consequently elevated male frequency over time. Therefore, as predicted, outcrossing confers fitness benefits under specific conditions, even in populations capable of both selfing and outcrossing.
In addition to being conditionally advantageous in C. elegans, outcrossing may also be essential for maintaining fitness in some C. elegans strains. When Morran, Parmenter, et al. (2009) imposed obligate selfing on a strain that naturally maintains males at frequencies up to 25%, populations gradually lost fitness over time even under benign conditions. Therefore, both environmental conditions and genetic background may provide the context needed to favor outcrossing over selfing.
Emerging results from other experimental evolution studies also support this general picture. For example, treatment of genetically heterogeneous populations of C. elegans with the pesticide Levamisole initially renders C. elegans males physically incapable of mating, and thus, males are rapidly driven out of populations (Lopes et al. 2008) . However, males significantly increase in frequency in populations that became resistant to the pesticide, suggesting that outcrossing is favored during adaptation to the novel environment. Similarly, we have observed the longterm maintenance of males in 2 ongoing experimental evolution studies, which we report for the first time here. First, in a study designed to test the evolution of temperature-dependent fitness, a hybrid strain reared at either 15°C or 23°C maintained males at relatively high frequency (;8%) after more than 55 generations of adaptation ( Figure 4A ). Second, genetically heterogeneous populations undergoing laboratory adaptation in conditions not previously shown to favor male maintenance (Manoel et al. 2007 ) maintained males at average frequencies ranging from 26% to 34% over 47 generations of experimental evolution ( Figure 4B ). Similar maintenance of males at high frequencies in genetically heterogeneous populations has also been observed in other experimental evolution studies (Lopes et al. 2008; Teotónio H, personal communication) .
A survey of the experimental work on male maintenance in C. elegans reveals a pattern that correlates with the longterm success of males. Populations that exhibit increases in male frequency, or simply maintain a significant number of males over time, share at least 1 of 2 characteristics: genetic diversity and exposure to novel environmental conditions ( Figure 5 ). Genetically heterogeneous populations can maintain males at levels higher than most isogenic strains ( Figure 5 ). Additionally, populations under selection in novel environments exhibit increases in male frequency. The importance of novel environmental conditions is highlighted by the contrasting results of Cutter (2005) and Manoel et al. (2007) with those of Morran, Parmenter, et al. (2009) . All 3 studies evaluate male frequencies over time in populations exposed to elevated mutation rates. The experiments by Cutter (2005) and Manoel et al. (2007) were performed under previously established laboratory Figure 3 . Variation in male frequency among natural isolates of Caenorhabditis elegans. A survey of male frequency in 10 natural isolates of C. elegans reveals variation among strains that spans nearly 2 orders of magnitude (F 9,54 5 43.6, P , 0.0001). Strains were allowed to recover from freezing for 2 generations and then maintained for 10 generations under conditions similar to Manoel et al. (2007) before male frequency was determined. Male frequency was determined for 6 replicate populations per line (each initiated by single, unmated hermaphrodites) by sexing a total of ;400 worms per replicate. Although differences among replicates were also significant (F 47,54 5 8.2, P , 0.0001), they accounted for only 10.2% of the total variance, whereas strain accounted for 87.1%. Values are least square means ± 1 standard error of the mean.
conditions, and males declined in frequency ( Figure 5) . However, the populations mutated by Morran, Parmenter, et al. (2009) were subject to strong selection in novel environments and exhibit significant increases in male frequency over time ( Figure 5 ). Thus, selection imposed by a novel environment may be necessary to fully offset the cost of males, even under elevated mutation rates.
Conclusions and Future Directions
Given genetic heterogeneity or selection pressure in a novel environment, male frequencies in C. elegans populations can be elevated to as high as 50%, which is indicative of a fully outcrossing population (Figure 2 ; Morran, Parmenter, et al. 2009 ). Populations appear to be outcrossing at a variety of rates in nature, but overall, the rates estimated from natural populations are considerably lower than those observed under selection in the laboratory. It would seem that natural populations, which should be under strong selection, could benefit from elevated outcrossing rates. Yet, males have proved difficult to find in natural populations Félix 2005, 2007) , and genetic signatures of the mating system imply selection against outcrossing (Dolgin et al. 2007; Seidel et al. 2008) .
If the value of outcrossing is conditional, then the role of males in C. elegans may also be conditional. Rather than Figure 4 . Evidence of male maintenance in 2 experimental evolution studies. (A) A hybrid population derived by 10 generations of random mating between 2 divergent Caenorhabditis elegans strains, CB4856 and CB4857, at 18.5°C (the ancestral population) was then reared in 10 replicates at 15°C or 23°C for 57 and 69 generations, respectively, before freezing. All 3 lines were thawed simultaneously, allowed to recover at the correct temperature, and scored for male frequency (based on a minimum of 200 worms per replicate). Although male frequency declines from near 30% in the ancestor (likely a by-product of the crosses performed to generate the ancestor), males are maintained at high frequency (;8%) at both temperatures after more than 57 generations. (B) A genetically heterogeneous ancestral population was derived by systematically crossing 16 strains of C. elegans (AB1, AB3, CB4852, CB4853, CB4855, CB4857, CB4858, N2, PB303, PB306, RC30, JU262, JU345, PX174, PX178, and PX179). Five replicate populations of the ancestral population were evolved independently for 47 generations under conditions similar to Manoel et al. (2007) . Male frequency was measured by synchronously thawing stocks of each replicate population from generations 6, 12, 24, 36, 47 , and the ancestral population. Worms were allowed to recover from freezing for 2 generations and then hatched-off, plated in triplicate, and allowed to develop to adulthood. The frequency of males in each population was determined from a minimum of 700 individuals per line per generation. Generation (F 4,50 5 30.04, P 5 , 0.0001), line (F 4,50 5 174.33, P , 0.001), and the interaction between generation and line (F 16,50 5 27.22, P , 0.0001) were all significant. The 5 replicate populations are in gray, and average male frequency is in black. Values are least square means ± 1 standard error of the mean. Figure 5 . Summary of male maintenance experiments in Caenorhabditis elegans. Males/outcrossing can be maintained (horizontal arrow) or increase (up arrow) in frequency in experiments initiated with a heterogeneous populations or when isogenic lines are exposed to unique selective laboratory environments. When mutation rates are artificially increased, populations can have more males (.) than nonmutated controls; however, males are still lost from populations over time (diagonal down arrow). Males are otherwise lost (down arrow) from isogenic populations regardless of bacterial food type (Escherichia coli OP50 or HT115), maintenance regime (i.e., hatch-off), and temperature. Factors uniquely observed in concert with maintenance or increased male/outcrossing frequency are highlighted with boxes. Relative to factors listed at left, U, applicable; v, not applicable; *, Starting strain derived by crossing up to 16 unique isogenic lines; continually paying the cost of producing males, it may be more beneficial to outcross facultatively as conditions dictate. Morran, Cappy, et al. (2009) found that in response to exposure to the dauer lifestage, an environmentally induced, stress resistant, and migratory developmental phase, C. elegans populations outcrossed much more readily than populations maintained under standard laboratory conditions. Exposure to dauer permitted males to sweep into populations, despite initially low male frequencies ( Figure 5 ). The dauer phase is suspected to play a prominent role in natural populations because a large proportion of the worms isolated from nature are in dauer Félix 2005, 2007) and dauer induction is a signal of current or impending environmental change. Therefore, facultative outcrossing driven by dauer exposure may be selectively beneficial in natural populations. The intermittent nature of dauer and thus dauer-induced facultative outcrossing would likely cause outcrossing rates to fluctuate over time. This scenario may contribute to the variation observed among outcrossing rate estimates from natural populations Félix 2005, 2007; Haber et al. 2005; Sivasundar and Hey 2005) . The population genetic effects of periodic outcrossing and their influence on patterns of molecular variation require further examination. To accurately assess the role of outcrossing and the potential role of facultative outcrossing in natural populations, we must sample more thoroughly and across different timescales. The most recent study by Barrière and Félix (2007) sampled multiple populations at several time points. Conducting studies of this kind over a broad geographical range and on finer timescales may provide key insights into the role of males in natural populations.
The contrast between standing levels of heterozygosity and strong, whole-genome linkage disequilibrium within natural populations of C. elegans Félix 2005, 2007; Sivasundar 2005; Sivasundar and Hey 2005; Cutter 2006; Rockman and Kruglyak 2009) suggests that what appear to be ''selfing'' lineages may in fact be maintained by natural selection (Barrière and Félix 2007) . This hypothesis is strongly supported by the existence of outbreeding depression among most natural isolates (Dolgin et al. 2007 ). Continuous selfing generates strong linkage disequilibrium across the genome, which in turn allows epistatic gene combinations to always be found on a consistent genetic background. Breaking up these combinations via outcrossing is one potential source of outbreeding depression. Such an interaction system has been discovered, for instance, by Seidel et al. (2008) . Similar outbreeding depression effects have also been observed among selfing lineages of the nematode Pristioncus pacificus, which appears to have weakly performing males (Click et al. 2009 ). The influences of linkage, epistasis, and outbreeding depression need to be more fully incorporated into models of C. elegans mating systems (e.g., Equation 1).
Many of the recent experimental evolution studies that report the maintenance of high, sustained frequencies of males were generated from base populations that were initiated by systematically crossing many existing natural isolates. Thus, the forced crossing scheme used in these studies is likely to overcome any initial outbreeding depression barrier and move the populations into a much different genomic state in which previously linked genetic combinations are now mixed together. This has the potential to generate novel inbreeding depression via associative overdominance (Charlesworth D and Charlesworth B 1987) but may also simply serve to allow male-specific alleles to segregate in new beneficial genetic backgrounds.
Theory predicts that increasing levels of inbreeding should allow males to be maintained within C. elegans populations; yet, experiments that have bombarded populations with increased mutation rates have for the most part only observed modest increases in male frequency (Cutter 2005; Manoel et al. 2007 ), even though males can play a critical role in responding to the deleterious effects of mutations (Morran, Parmenter, et al. 2009 ). However, each of these experiments introduced mutations into partially selfing backgrounds that may have served to purge the mutations as soon as they entered the population. A more effective test of the inbreeding hypothesis could be achieved by investigating the capacity for selfing to invade a population with a preexisting standing level of inbreeding depression (for instance, against a fog-2 outcrossing background). Thorough analyses of crosses between natural isolates, such as those conducted by Seidel et al. (2008) , are needed to explore the genetic basis of the potential for inbreeding and outbreeding depression and will help to illuminate the delicate dance between genetic effects that are enhanced by the linkage generated by repeated selfing and the mixing of lineages generated by occasional outcrossing.
Given that we observe variation in outcrossing rates and the maintenance of males among natural isolates, what are the mechanisms underlying these differences in male frequency? Theory predicts (e.g., Equation 1) that male mating ability is likely to strongly influence male frequency. To mate successfully, males must first locate a mate and then execute a complex series of actions culminating in the transfer of sperm to the hermaphrodite (see reviews by Barr and Garcia 2006; Emmons 2006) . Each step in this process requires coordination of chemosensory and mechanosensory input (Liu and Sternberg 1995) and specific muscle contractions (e.g., Garcia et al. 2001 ) that may vary among strains. Variation among strains for relevant phenotypes such as copulatory rate (Wegewitz et al. 2008 ) and ability to produce copulatory plugs (Hodgkin and Doniach 1997; Palopoli et al. 2008 ) have already been observed. It is not obvious, however, which aspects of male mating actually underlie differences in realized male frequencies. Furthermore, it is becoming clear that male mating ability is, at least in part, determined by hermaphrodites.
In contrast to the view of C. elegans hermaphrodites as ambivalent mating partners (e.g., Emmons 2006) , there is growing evidence that hermaphrodites play an active role in determining the outcome of attempts to be mated by males. It appears that hermaphrodites can exert some control over the mating process by swimming away from males when they still have self-sperm available for fertilization (Kleemann and Basolo 2007) and by ejecting male ejaculate after insemination (Barker 1994; Kleemann and Basolo 2007) . Additionally, male siring success varies among hermaphrodites from different strains (Wegewitz et al. 2008; Morran, Cappy, et al. 2009 ; Anderson JL, Martha S, Rockman M, Kruglyak L, Phillips PC, unpublished data), indicating a genetic basis for this variation. Because C. elegans is such a powerful genetic model system, complete with a full arsenal of molecular, genetic, and genomic tools, it should be possible to identify and functionally characterize the genes underlying variation in both male and hermaphrodite-specific contributions to male frequency in this species. With this type of information, we will be able to specifically test whether or not loci influencing outcrossing frequency are under selection in C. elegans.
Identifying the genetic basis of natural variation in mating success, inbreeding and outbreeding depression and other features of the mating system will allow us to close the circle and to more effectively bring experimental hypothesistesting approaches from the laboratory to bear on the extensive population genomic information emerging from studies of natural isolates (e.g., Rockman and Kruglyak 2009 ). Although we are beginning to get a few glimpses of the evolutionary role of males in this species, enough puzzles still remain to make C. elegans a powerful system for understanding the evolution of mating systems.
